ROP GTPases are crucial for the establishment of cell polarity and for controlling responses to hormones and environmental signals in plants. In this work, we show that ROP3 plays important roles in embryo development and auxin-dependent plant growth. Lossof-function and dominant-negative (DN) mutations in ROP3 induced a spectrum of similar defects starting with altered cell division patterning during early embryogenesis to postembryonic auxin-regulated growth and developmental responses. These resulted in distorted embryo development, defective organ formation, retarded root gravitropism, and reduced auxin-dependent hypocotyl elongation. Our results showed that the expression of AUXIN RESPONSE FACTOR5/MONOPTEROS and root master regulators PLETHORA1 (PLT1) and PLT2 was reduced in DN-rop3 mutant embryos, accounting for some of the observed patterning defects. ROP3 mutations also altered polar localization of auxin efflux proteins (PINs) at the plasma membrane (PM), thus disrupting auxin maxima in the root. Notably, ROP3 is induced by auxin and prominently detected in root stele cells, an expression pattern similar to those of several stele-enriched PINs. Our results demonstrate that ROP3 is important for maintaining the polarity of PIN proteins at the PM, which in turn ensures polar auxin transport and distribution, thereby controlling plant patterning and auxin-regulated responses.
INTRODUCTION
Plant Rho-like small G proteins called RAC/ROPs (ROPs will be used from now on) function as molecular switches in diverse signaling cascades and mediate leaf cell morphogenesis, polarized cell growth in pollen tubes and root hairs, and hormone and defense-related responses (Nibau et al., 2006; Yang and Fu, 2007; Yalovsky et al., 2008; Wu et al., 2011) . ROPs shuttle between a GTP-bound active form and a GDP-bound inactive form. In their active state, ROPs interact with effector proteins to initiate myriad downstream signaling pathways.
The Arabidopsis thaliana genome encodes 11 ROPs. We have previously demonstrated that several members of the Arabidopsis ROP family and RAC1 from tobacco (Nicotiana tabacum) mediate auxin-signaled gene expression and that perturbing the signaling capacity of these small GTPases induces auxin-related developmental defects (Tao et al., 2002 (Tao et al., , 2005 ). The precise contribution from individual ROPs to auxin signaling remains largely unknown. Recent studies have indicated the involvement of ROP signaling in the regulation of polar auxin transport, which generates auxin gradients and underlies almost all aspects of auxin controlled growth and developmental responses. ROP2 has been implicated in the regulation of PIN1 endocytosis in the leaf epidermal pavement cells (Nagawa et al., 2012) . ROP6, together with its effector RIC1 (ROP-interactive CRIB motif-containing protein1), control clathrin-dependent PIN1/PIN2 endocytosis and mediate root gravitropic responses and leaf vasculature development (Chen et al., 2012; Lin et al., 2012) . A ROP effector protein ICR1 (interactor of constitutive active ROP1) is required for embryo development, root meristem organization, and polar localization of PIN1 and PIN2 (Hazak et al., 2010) .
Polar auxin transport is mediated by the PIN family of auxin efflux proteins and the AUX1/LAX family of influx carrier proteins (Bennett et al., 1996; Swarup et al., 2008) . Genetic elimination of components in auxin transport, e.g., by mutations in members of the PIN proteins, such as PIN1, 3, 4, and 7 Blilou et al., 2005) , underlies defects in many auxin-regulated processes. Of the PINs, PIN1 is involved in the mediation of auxin accumulation in the base of early globular embryos to initiate hypophysis specification and postembryonic root growth (Petricka et al., 2012) . PIN3 is required for auxin flow to the root tip and redistribution within root tissues, which influences tropic responses (Friml et al., 2002; Blilou et al., 2005; Grieneisen et al., 2007) . PIN proteins exhibit polar localization at the plasma membrane and determine the direction of intercellular auxin flow (Wisniewska et al., 2006) . PIN polar localization and asymmetric auxin distribution are regulated by multiple factors, including regulated endocytosis, recycling, and retromer-dependent vacuolar targeting (Steinmann et al., 1999; Geldner et al., 2003; Jaillais et al., 2007; Kleine-Vehn et al., 2008b) . In addition, phosphorylation and dephosphorylation cycles mediated by the AGC kinases PINOID (PID) and PID-related AGC3 and the phosphatase PP2A are important for dynamic changes of PIN polarity. Both PID and PP2A have been shown to be required for auxin transport-related embryo development and postembryonic organogenesis (Christensen et al., 2000; Friml et al., 2004; Michniewicz et al., 2007; Dhonukshe et al., 2010) .
How ROPs regulate auxin-dependent development remains largely unknown. RopGEFs are guanine nucleotide exchange factors (GEFs) that stimulate GDP-GTP exchange and activate ROPs (Berken et al., 2005) . We showed recently that one of the 14 Arabidopsis ROPGEFs, RopGEF7, is important for embryo and root meristem pattern formation controlled by the auxin/PLETHORA (PLT)-dependent pathway (Chen et al., 2011) . We also established that ROP3 interacts directly with RopGEF7 (Chen et al., 2011) . Here, we explore the developmental role of ROP3 by analyzing rop3 T-DNA insertion and dominant-negative rop3 mutant lines. Mutant phenotypes show that ROP3 has broad biological roles and is important for the regulation of embryo development, postembryonic organ formation, root gravitropism, hypocotyl elongation, and root growth sensitivity to auxin. During embryogenesis, perturbing ROP3 function reduces PIN1 abundance in the plasma membrane (PM), whereas in the seedling stage, it causes a basal to apical shift of PIN1 and PIN3 localization. Our data indicate that ROP3 acts in polar auxin transport and thus controls the establishment of auxin maxima, which underlies embryo development and seedling growth.
RESULTS

ROP3 Is Expressed in Developing Embryos and Postembryonic Stages
We used a ROP3 pro :GUS (b-glucuronidase) gene fusion to study the spatial expression pattern of ROP3. Analysis of GUS activity in ROP3 pro :GUS lines revealed that ROP3 was expressed in embryonic and postembryonic stages (Figure 1 ; Supplemental Figure 1 ). In globular stage embryos, GUS activity was detected only in the hypophysis ( Figure 1C ). At the heart and late heart stages, GUS activity was maintained in the daughter cells of the hypophysis ( Figures 1D and 1E ). During the late stages, GUS activity was also detected in the tip regions of cotyledons in addition to the root pole ( Figure 1F ). When GUS staining duration was prolonged from 16 to 36 h, GUS activity could be detected in the embryo proper, but not in the hypophysis at the octant ( Figure 1A ) and 16-cell stages ( Figure 1B ), indicating that ROP3 is expressed in the earliest stage of embryo development. In the seedling stage, we found GUS signals in the root, hypocotyl, and cotyledons ( Figure 1G ). Upon closer examination of root tips, the region that showed the GUS staining appeared to be in the quiescent center, columella stem cells, and columella cell layers ( Figure 1J , left), and stele cells in root meristem showed relatively weak GUS signal ( Figure 1H ). ROP3 was also expressed in guard cells of cotyledons (Supplemental Figure 1A ) and at a much higher level in the anther and pollen (Supplemental Figures  1B and 1C) . The observed ROP3 pro :GUS expression profile matches the results of public expression databases (e.g., http://www.ebi.ac. uk/arrayexpress). For instance, the pattern in seedling roots as visualized by GUS reporter gene expression was consistent with microarray results for ROP3 from different root sections (Dinneny et al., 2008 ; http://bar.utoronto.ca/efp/cgi-bin/efpWeb. cgi?dataSource=Root). To further validate this observation, we performed quantitative RT-PCR (qRT-PCR) analysis on root sections. The results showed that ROP3 was expressed in root columella and meristem, elongation, and maturation regions (Supplemental Figure 1D) . The expression level of ROP3 was relatively higher in the root columella and meristem and elongation zones in contrast to that in the root maturation zone (Supplemental Figure 1D ). This result is consistent with data from microarray analysis of root sections (Dinneny et al., 2008) .
We also examined whether ROP3 expression is influenced by auxin. qRT-PCR analysis showed that the expression of ROP3 was induced by auxin in the roots of seedlings. Treatment with 10 mM 1-naphthaleneacetic acid (NAA) for 12 h clearly enhanced the transcript levels of ROP3, reaching the highest level after 24 h of NAA treatment ( Figure 1I ). Further study using transgenic plants expressing ROP3 pro :GUS confirmed that auxin treatment increased the expression of ROP3, which is detectable at the elongation zone of the primary roots ( Figure 1J ), consistent with ROP3 being involved in auxin-regulated pathways.
We next constructed a fusion to yellow fluorescent protein (YFP) to examine the subcellular localization of ROP3 in root cells (Supplemental Figures 1E to 1H) . YFP:ROP3 was predominantly localized in the PM of root cells (Supplemental Figures 1E and 1F) . We also examined the subcellular localization of the dominant negative DN-rop3 (see below) and found that in roots, YFP:DN-rop3 showed diminished PM accumulation and was mainly detected in the cytoplasm and the perinuclear region (Supplemental Figures 1G  and 1H ).
Ectopic Expression of DN-rop3 or Loss of Function in ROP3 Affects Embryo Patterning
Replacement of specific amino acid residues in GTP binding domain in ROPs is a commonly used and informative method to create dominant mutations in these small GTPases (Feig, 1999; Yang, 2002) . Based on this, we constructed the dominant-negative (DN) mutant DN-rop3, which presumably locks ROP3 in the inactive form, and explored the functional role of ROP3 in embryo development in DN-rop3 transgenic plants. A majority of plants transformed with DN-rop3 under a strong embryonic promoter RPS5A (Weijers et al., 2001 ) (81% of individual lines [38/47]) displayed embryo phenotype. Analysis of transcription in these DN-rop3 lines by qRT-PCR and immunoblot detection by ROP3 antibody showed that their embryo defects increased with increasing expression of the DN-rop3 transgene (Supplemental Figures 2A to 2D ).
In the embryos, overexpression of DN-rop3 produced a range of cell division defects from one-cell to heart embryo stages (Supplemental Table 2 ). The wild-type zygote elongates after fertilization and undergoes an asymmetric cell division to result in a small apical cell and a large basal cell (Figure 2A ). In contrast to the asymmetric cell division in the wild-type embryos, DNrop3 zygotes divided more symmetrically, giving rise to almost equal-sized apical and basal cells ( Figure 2E ). At the two-cell to octant embryo stages, abnormal transverse cell divisions were observed in the apical cell, forming a file of cells (Figures 2F and 2G) , while the apical cell in the wild-type embryo divides vertically ( Figure 2B ) with the basal cell dividing anticlinally to form the suspensor ( Figure 2B ). At the four-cell stage, suspensor cells displayed aberrant periclinal cell divisions in DN-rop3 embryos (Figures 2H and 2I compared with 2C) . When DN-rop3 embryos reached the eight-cell stage, both the apical domain and the suspensor showed cell division defects (Figures 2J and 2K compared with 2D) . At 16-and 32-cell stages, tangential divisions separate the protoderm from the inner cells in wild-type embryos ( Figures 3A and 3B ), whereas DN-rop3 embryos displayed abnormal cell divisions at the apical domain (Figures 3F and 3G) . In addition to the phenotypes in the embryo proper, periclinal divisions in the hypophyseal cell and adjacent suspensor cell occurred in DN-rop3 embryos, while no cell division occurred in the hypophysis and normal anticlinal divisions occurred in wild-type suspensors (Figures 3F and 3G compared with 3A and 3B) . From the globular to the heart embryo stage, cell division defects in the hypophysis were frequently observed in DN-rop3 embryos, resulting in aberrant organization of the root stem cell niche (Figures 3H to 3J compared with 3C to 3E) . Together, the defects in DN-rop3 are consistent with ROP3 being important in promoting the normal pattern formation during embryo development.
To ascertain the role of ROP3 in embryo development, we obtained lines with T-DNA insertions in the fifth and third exon (SALK_008896 and SALK_0325580C, respectively) of ROP3.
These mutants are designated rop3-1 and rop3-2, respectively (Supplemental Figure 3A) . qRT-PCR analysis showed absence of ROP3 transcripts in these T-DNA insertion lines, confirming that they are null mutants (Supplemental Figure 3B) . Disruption of ROP3 causes defects in asymmetric division of the zygotes ( Figures 2L and 2M ) and cell division orientation in the apical ( Figure 2N ) and suspensor cells ( Figures 2O to 2Q ) during early stages of embryogenesis. rop3 embryos have enlarged suspensors with periclinal cell divisions ( Figures 3K and 3M ) and abnormal cell divisions in the hypophysis, leading to aberrations in the basal embryo region ( Figure 3K to 3O). The embryo phenotype in rop3 knockout mutants was indistinguishable from the phenotype of DN-rop3 embryos, although the severity differed between these mutants. For instance, a higher percentage of zygotes divided symmetrically in rop3 mutants than in DN-rop3 (rop3-1, 16.0%, n = 50; rop3-2, 13.0%, n = 46 versus DN-rop3 L12, 11.7%, n = 60; L16, 12.5%, n = 40; Supplemental Table 2 ). When these mutant embryos reached later development stages, the percentage of cell division defects in rop3 become lower than DN-rop3 (rop3-1, 8.1%, n = 867; rop3-2, 7.96%, n = 1043 versus DN-rop3 L16, 23.3%, n = 748; L12, 16.01%, n = 537; Supplemental Table 2 ). The overall lower frequency of cell division defects (Supplemental Table 2 ) in developing rop3 embryos suggests that other ROPs might be expressed after the zygotic division stage, compensating for the requirement for ROP3.
To verify whether the rop3 embryo phenotype is caused by rop3 deficiency, transgenic plants containing the coding region of ROP3 driven by its endogenous ROP3 promoter (ROP3 pro : ROP3) were crossed with rop3-1 and rop3-2 mutants. Homozygous lines were obtained and used for subsequent analysis. (A) to (F) ROP3 pro :GUS is expressed in octant (A), 16-cell (B), globular (C), heart (D), late heart (E), and bent (F) embryo stages. (G) and (H) ROP3 pro :GUS is expressed in a 5-d-old seedling (G) and root tip (H). (I) qRT-PCR analysis showed that ROP3 expression in roots of 7-d-old wild-type seedlings was enhanced by 10 mM NAA treatment for various times, as indicated.
(J) GUS staining showed that GUS activity in roots of 5-d-old ROP3 pro :GUS seedlings is induced by 10 mM NAA for 6 (middle) and 12 (right) h; untreated sample is used as control (left). GUS staining was for 36 h in (A) and (B), 16 h in (C) to (H), and 6 h in (J). Bars = 10 mm in (A) to (C), 20 mm in (D) to (F), 1mm in (G), and 50 mm in (H) and (J).
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The recovered expression levels of ROP3 in rop3-1 and rop3-2 lines were confirmed by qRT-PCR (Supplemental Figure 4A) Table 4 online).
ROP3 Regulates Auxin-Related Postembryonic Development
To further investigate the requirement of ROP3 for plant development, we analyzed the seedling phenotype of plants transformed by 35S promoter-driven DN-rop3 (35S pro :DN-rop3) and rop3 mutants. Twenty-five individual 35S pro :DN-rop3 transgenic plants were generated; these plants showed different levels of transgene expression (Supplemental Figures 2B and 2D) . Two homozygous lines (L2 and L3), containing a T-DNA insertion at a single locus, were chosen for subsequent analysis. In contrast to the wild type ( Figure 4B ), progeny from L2 and L3 displayed a variety of developmental aberrations, ranging from altered cotyledon numbers ( Figures 4F to 4H ) to lack of roots ( Figures 4D and 4E ) or of both hypocotyls and roots ( Figure 4C ).
Lugol staining of starch granules as a marker for columella cell differentiation revealed a loss of columella stem cells and disorganization of columella cells (Figures 4T to 4V compared with 4S) . The most commonly observed seedling phenotype was the development of short roots (Figure 4A , right; Supplemental Table  3 ), consistent with their having resulted from the disruption of proper patterning in the root stem cell niche (Figures 4T to 4V, compared with 4S). Occasionally, the strong DN-rop3 lines produce offspring with two shoots sharing one primary root ( Figure 4I ). In some cases, DN-rop3 seedlings have one shoot with two roots fused to each other ( Figure 4J ). In addition to these root phenotypes, a low percentage of 35S pro :DN-rop3 seedlings (L2, 5.6%, n = 215; L3, 3.4%, n = 232; wild type, 0%, n = 327; Supplemental Table 3) showed severe defects in cotyledon development, including no or single cotyledons, and completely fused cotyledons (Figures 4F to 4H) , phenotypes that were also observed in transgenic tobacco with RAC1 downregulated by RNA interference (RNAi) (Tao et al., 2002) . The pronounced patterning defects in DN-rop3 seedlings also resemble those of auxin mutants defective in auxin transport and signaling such as pin multiple mutants, gnom, bodenlos, and monopteros (mp) Lau et al., 2012) . 
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We also analyzed the seedling phenotype of rop3 mutants. Both rop3-1 ( Figure 4K ) and rop3-2 ( Figure 4L ) displayed defects in root growth (Figures 4N to 4P compared with 4M; Supplemental Table 3 ) and cotyledon development ( Figures 4Q and 4R ) similar to phenotypes of DN-rop3 transgenic plants. The frequency of defective rop3 seedlings was nevertheless lower than that observed in the progeny of DN-rop3 lines (DN-rop3-L2, 36.3%, n = 215; L3, 41.31%, n = 232; rop3-1, 15.8%, n = 298; rop3-2, 10.64%, n = 356; Supplemental Table 3) .
Under normal growth conditions, the progeny of DN-rop3 and rop3 mutants segregated a variety of phenotypes. For instance, some rop3 seedlings displayed severe defects in organ formation, including cotyledons and roots (Figure 4 ), while some appeared to be normal. We therefore decided to test whether the 35S pro :DN-rop3 and rop3 seedlings, including normal-looking ones, showed altered growth responses to gravity and exogenous auxin. We first examined the root gravitropic responses in DN-rop3 and rop3 mutants. Unlike the wild type, the roots of DN-rop3 and rop3 were less sensitive to gravity, based on measurement of root curvature after gravity stimulation ( Figure 5A ). We next tested whether the sensitivity to applied auxin was also affected in DN-rop3 and rop3. Exogenous auxin inhibited root elongation of wild-type seedlings, but DN-rop3 and rop3 roots were more resistant to auxin inhibition over a range of hormone concentrations ( Figure 5B ). The difference from the wild type was especially notable at low auxin concentrations, e.g., 50 nM NAA, where the root length of DN-rop3 and rop3 was almost not affected compared with 15% growth inhibition shown by wild-type seedlings ( Figure  5B ). At 100 nM NAA, wild-type root length was reduced to 69% of that of untreated seedlings, whereas DN-rop3 and rop3 roots displayed considerably less inhibition, with root length being around 90% and over 80%, respectively, of that of the corresponding untreated seedlings ( Figure 5B ), indicating that DN-rop3 and rop3 mutants have impaired auxin responses. We also analyzed the effect of hypocotyl elongation under high temperature (29°C), another well-established auxin-dependent process because high temperature has been shown to induce higher level of auxin and therefore stimulates hypocotyl elongation (Gray et al., 1998) . Seedlings of DN-rop3 and rop3 mutants were clearly less responsive to high temperature in stimulated hypocotyl elongation than the wild type ( Figure 5C ), suggesting repressed auxin responses in DN-rop3 and rop3 mutants.
As ROP3 is expressed in pollen (Supplemental Figure 1C ) and therefore likely plays a role in pollen development similar to the closely related genes ROP1 and ROP5 (Craddock et al., 2012) . Our analysis of rop3 mutants did not show any notable pollen development phenotype, germination in vivo, and tube growth properties in the pistil (Supplemental Figure 5) . However, we could not rule out the possibility that ROP3 functions in pollen, since two other pollen-expressed ROPs, ROP1 and ROP5, are abundantly expressed there. In fact, ROP1 and ROP5 had been shown to play roles in pollen tube polar growth by gain-of-function studies (Kost et al., 1999; Li et al., 1999; Gu et al., 2003) 
ROP3 Regulates the Establishment of Auxin Maxima in the Embryos and Roots
Phenotypic analyses (Figures 2 to 5) suggest that auxin distribution and responses are affected in DN-rop3 and rop3 mutants. To explore this, we analyzed the expression of the auxin reporter DR5rev:GFP (for green fluorescent protein; Benková et al., 2003) in the DN-rop3 and rop3 backgrounds. As expected, an auxin maximum was detected at the root pole of wild-type embryos (100%, n = 53; Figure 6A ). In contrast, this auxin maximum was strongly reduced in a large majority of DN-rop3 embryos (63/66; Figure 6B ), although in a small number (3/66) of embryos, the DR5rev:GFP signal was spread out everywhere ( Figure 6C ). In rop3 embryos, we also observed reduced DR5 activity at the root pole (49/52; Figure 6E ) and altered pattern of DR5 activity in a small number (3/52) of the analyzed embryos ( Figure 6F ).
We next examined DR5 activity in DN-rop3 and rop3 mutant roots. In comparison to wild type, the DR5 activity was highly 
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The Plant Cell suppressed in DN-rop3 ( Figure 6H compared with 6G) and was clearly albeit less drastically reduced in rop3 roots ( Figure 6J compared with 6I). These observations suggested that the establishment of auxin maxima was disturbed in DN-rop3 and rop3 embryos and roots, correlating with aberrant cell divisions observed in the basal region of their embryos and root tips.
ROP3 Regulates the Expression of MP and PLT1/ PLT2
The phenotypes of DN-rop3 and rop3 mutants, together with DR5rev:GFP expression defects, suggest that ROP3 participates in auxin-mediated embryo patterning and root growth. To further address this issue, we focused on whether ROP3 affects some of the regulators that control cell fate specification events in embryogenesis and root meristem establishment, including MP, encoding auxin response factor 5, and root stem cell determinants PLT1 and PLT2, whose expression is dependent on auxin (Aida et al., 2004; Galinha et al., 2007) . We first analyzed MP expression, as revealed by the marker MP pro :n3XGFP (Rademacher et al., 2012) , in DN-rop3 and rop3 mutant embryos. The expression of MP was drastically altered in both DN-rop3 (Figures 7B and 7D compared with 7A and 7C) and rop3 embryos (Figures 7F and 7H compared with 7E and 7G) . Next, we investigated whether ROP3 was involved in the regulation of PLTs and examined the expression of PLT1 and PLT2 in DN-rop3 and rop3 embryos. The expression of PLT1 pro :PLT:YFP and PLT2 pro :PLT2:YFP was significantly reduced in DN-rop3 and rop3 embryos from the levels seen in the wild type (Figures 8A to 8F and 8M) ; these data indicate that ROP3 is important for maintaining MP and PLT1/PLT2 expression and imply a role for this GTPase in the regulation of cell fate identity and embryo polar axis formation. Downregulation of PLT1:YFP was observed in 62.5% of DN-rop3 (n = 40) and 27.8% of rop3 roots (n = 36) compared with the wild type (0%, n = 30) ( Figures 8G to 8I) . Similarly, the expression of PLT2: YFP was altered in 40.0% of DN-rop3 (n = 30) and 20.8% of rop3 (n = 48) in contrast to the wild type (0%, n = 30) ( Figures 8J to 8L ), indicating that the observed seedling root meristem defects in rop3 mutants had resulted from the altered PLT1 and PLT2 expression.
ROP3 Regulates the Polar Localization and Expression of PIN1 and PIN3
We next determined whether the altered DR5 activity during embryogenesis and root growth in DN-rop3 and rop3 mutants associate with alterations in auxin transport. The expression and localization of PIN1 pro :PIN1:GFP was examined in DN-rop3 and rop3 embryos. Wild-type embryos showed the normal accumulation of PIN1:GFP ( Figure 9A ), while a severe reduction of PIN1:GFP in the PM was observed in the cotyledons and provascular cells of the central axis in DN-rop3 and rop3 mutant embryos ( Figures 9B and 9C ). Reduced presence of PIN1:GFP from the PM apparently led to the loss of polarity of PIN1:GFP distribution in the affected cells ( Figures 9B and 9C) . Moreover, PIN1:GFP labeling was found within intracellular aggregates in the embryo cells in DN-rop3 and rop3 mutants ( Figures 9B and  9C ), indicating that ROP3 is required for the localization of PIN1 to the PM, thereby affecting polar auxin transport during embryo development.
We also analyzed the localization and expression of PIN1: GFP, PIN2:GFP, and PIN3:GFP in the roots of DN-rop3 and rop3 mutants. In wild-type roots, PIN1:GFP was localized in the basal membrane of the stele cells (100%, n = 34; Figures 9D and 9E) . However, the polarity of PIN1:GFP was changed in the root stele cells of DN-rop3 (41.3%, n = 80) and rop3 (20%, n = 60) mutants, where PIN1:GFP was mainly detected in the apical PM instead of the basal side of the stele cells ( Figures 9F to 9I ). In addition, there were ;30% (n = 80) of DN-rop3 and 15% (n = 60) of rop3 mutant roots, which displayed reduced PIN1:GFP (A) Time course of curvature in root gravitropic response tests. Root gravitropic responses of 35S pro :DN-rop3 transgenic lines (L2 and L3) and rop3 knockout mutants (rop3-1 and rop3-2) are compared with the wild-type controls. Curvatures were measured at different time as indicated after reorientation. Data are means 6 SD (n = 30 to 50). Asterisks indicate significant differences from the wild type by Student's t test (*P < 0.05; **P < 0.01).
(B) Measurement of relative root elongation of seedlings grown on medium supplemented with different concentrations of NAA compared the sensitivity to auxin of 35S pro :DN-rop3 transgenic lines (L2 and L3), rop3 knockout mutants (rop3-1 and rop3-2), and wild-type control. Primary root lengths of untreated plants were set as 100%. Data are means 6 SD (n = 30 to 50). Asterisks indicate significant differences from the wild type by Student 's t test (*P < 0.05; **P < 0.01).
(C) Hypocotyl lengths of 7-d-old seedlings grown at 22 and 29°C were measured for 35S pro :DN-rop3 transgenic lines (L2 and L3), rop3 knockout mutants (rop3-1 and rop3-2), and wild-type control. Data are means 6 SD (n = 30 to 50). Asterisks indicate significant differences from the wild type by Student's t test (*P < 0.05; **P < 0.01). Figures 6A to 6C) . Similarly, we analyzed the expression and localization of PIN3:GFP in the roots of the DN-rop3 and rop3 mutants. Unlike in wild-type roots, which all showed normal accumulation of PIN3 pro :PIN3: GFP (100%, n = 37; Figures 9J and 9K ), DN-rop3 (28%, n = 50) and rop3 roots (24%, n = 32) showed a basal to apical shift of PIN3 localization in root stele cells ( Figures 9L to 9O ). DN-rop3 (24%, n = 50) and rop3 roots (22%, n = 32) also showed reduced abundance of PIN3:GFP in the stele and root columella cells (Supplemental Figures 6E and 6F ) relative to the wild type (Supplemental Figure 6D ). Our previous work on the ROP activator RopGEF7 showed that downregulation of RopGEF7 by the RNAi technique resulted in reduced accumulation of PIN1 pro : PIN1:GFP in embryos and roots (Chen et al., 2011) . Here, we also examined the polarity of PIN1 and PIN3 in these RopGEF7RNAi roots. However, the polarity of PIN1 pro :PIN1:GFP in RopGEF7RNAi roots was not obviously different from that in the wild type (Supplemental Figures 9A and 9B) . Similarly, we observed reduced PIN3 pro :PIN3:GFP accumulation, but no obvious polarity change in RopGEFRNAi roots compared with the wild type (Supplemental Figures 9C and 9D ).
ROP3 in
To determine whether the reduced PIN1 and PIN3 protein abundance in DN-rop3 and rop3 mutant roots is due to altered PIN transcript level, we examined the RNA transcript of the PIN1 and PIN3 genes in wild-type, DN-rop3, and rop3 roots. qRT-PCR analysis showed that the expression levels of PIN1 and PIN3 in DN-rop3 and rop3 mutant roots were not substantially different from the wild type (Supplemental Figure 7) , suggesting that downregulation of PIN1 and PIN3 proteins in DN-rop3 and rop3 mutant roots occur at the posttranscriptional level.
Two other auxin transporters are not affected by ROP3 mutations. PIN2:GFP, which localizes to the basal side of the root cortical cells and the apical side of the epidermis cells in the wild-type roots (Supplemental Figure 8A) did not change its 
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The Plant Cell polarity in DN-rop3 and rop3 mutant roots (Supplemental Figures  8B and 8C ). The localization of auxin influx carrier AUX1-YFP, which is apically localized in the wild-type root protophloem cells ( Figure 9P ), is also not altered in DN-rop3 and rop3 mutants (Figures 9Q and 9R compared with 9P). We also confirmed that ROP3 mutations had no effect on the transcript levels of PIN2 and AUX1 genes compared with the wild type (Supplemental Figure 7 ). These observations demonstrate that ROP3 specifically regulates the level and localization of PIN1 and PIN3 in the roots. Taken together, our data suggest that ROP3 regulates auxin distribution in embryos and seedling roots and that some DN-rop3 and rop3 phenotypes could have resulted from changes in PIN1 and PIN3 polarity or level.
ROP3 Regulates the Recycling of PIN1 and PIN3 to the PM
PIN proteins continuously cycle between endosomes and the PM (Steinmann et al., 1999; Geldner et al., 2003) . The reduced enrichment of PIN1 and PIN3 in the PM in DN-rop3 and rop3 mutants ( Figure 9 ; Supplemental Figure 6 ) suggests that ROP3 is involved in the recruitment of PINs to the PM. To address this possibility, PIN1:GFP trafficking was investigated using brefeldin A (BFA), a vesicle trafficking inhibitor that inhibits PIN recycling and results in the formation of membrane protein aggregates referred to as BFA compartments (Geldner et al., 2001 ). BFA compartment formation was examined in the wild-type, DN-rop3, and rop3 mutants. After BFA treatment (100 mM) for 1 h, similar levels (between 73.5 and 76.1%) of seedling root cells accumulated PIN1:GFP-containing BFA compartments in wild-type, DN-rop3, and rop3 mutants ( Figures 10A to 10C and 10M ). The effects of BFA treatment on vesicle trafficking are reversible. After washout of BFA for 90 min, BFA compartments were still detected in 20.7 and 17.1% of root cells in DN-rop3 and rop3 mutants ( Figures 10E and  10F) , respectively, compared with in only 6.7% of wild-type root cells ( Figures 10D and 10M ). We next analyzed whether ROP3 mutations affected the trafficking of PIN3:GFP and observed a similar result to PIN1:GFP for PIN3:GFP at BFA treatment ( Figures  10G to 10I and 10N ) and washout conditions ( Figures 10J to 10L  and 10N ). However, PIN2:GFP recycling was not affected in wildtype, DN-rop3, or rop3 roots (Supplemental Figures 10A to 10G) . Additionally, the trafficking of a PM marker, water channel protein PIP2:GFP, was not impaired in DN-rop3 and rop3 mutants in contrast to the wild type (Supplemental Figures 11A to 11G ), suggesting that ROP3 regulates recycling of specific PIN proteins but does not affect the trafficking of PIN2 and general PM proteins. Thus, it is likely that DN-rop3 and rop3 phenotypes are associated with alteration of auxin transport and PIN1 and PIN3 function.
Inhibition of Proteasome Activity Enhances PIN1:GFP and PIN3:GFP Accumulation in DN-rop3 and rop3 Mutants As ROP3 mutations do not interfere with the transcription of PIN1 and PIN3 (Supplemental Figure 7) but affect the recruitment of PIN1 and PIN3 to the PM (Supplemental Figures 6 and 10) , it is likely that the reduced GFP-tagged PIN1 and PIN3 signals in rop3 mutants are associated with protein degradation. We examined the PIN1:GFP and PIN3:GFP protein levels in rop3 mutants by immunoblotting analysis and detected small, comparable amounts of PIN1:GFP in DN-rop3 and rop3 lines, in contrast to the larger amounts detected in the wild type ( Figures 11A and 11B ). The PIN3:GFP level was affected more in DN-rop3 mutants than in the rop3 line. This observation might reflect that PIN1 accumulation is largely dependent on ROP3, whereas PIN3 accumulation is affected by ROP3 and also most probably by other ROPs. Figures  11A and 11B also showed that MG132-treated seedlings had an increase at PIN1:GFP and PIN3:GFP protein levels in wild-type, DN-rop3, and rop3 compared with untreated controls. Since previous studies showed PIN proteins were targeted to vacuoles for degradation (Kleine-Vehn et al., 2008a), we therefore also examined the cellular fate of these PINs in DN-rop3 and rop3 seedlings using the fluorescent dye lysotracker red, which specifically marks acidic endomembrane compartments (Laxmi et al., 2008) . In these MG132-treated seedling roots, we observed PIN1:GFP signal in circle-like structures that overlapped with the vacuoles labeled with lysotracker red in DN-rop3 (22.2%, n = 36; Figure 11F ) and rop3 (16.2%, n = 37; Figure 11H ) compared with none in the wild type (0%, n = 30; Figure 11D ). The DMSO-treated control wildtype, DN-rop3, and rop3 roots did not show vacuole-localized signal ( Figures 11C, 11E , and 11G). These data suggest that changes in PIN1:GFP protein abundance in rop3 mutants might associate with protein degradation that partially occur at the vacuoles. On the other hand, PIN3:GFP did not accumulate notably in the vacuoles of MG132-treated rop3 mutants (Supplemental Figure 12 ).
DISCUSSION
ROP3 Regulates Auxin-Dependent Plant Development
ROP GTPases have been implicated in auxin signaling (Wu et al., 2011) . However, details on the contributions of specific ROPs to auxin-regulated development has been sparse. The [See online article for color version of this figure. ]
results presented here demonstrate that ROP3 plays a key role in auxin-regulated development throughout embryogenesis ( Figures  2 and 3 ) and in postembryonic processes (Figures 4 and 5) , including the gravitropic response ( Figure 5A ), auxin-suppressed root growth ( Figure 5B) , and sensitivity to auxin-regulated hypocotyl elongation at elevated temperature ( Figure 5C ). In showing that ROP3 is important for maintaining the DR5rev:GFP-marked auxin-responsive maxima ( Figures 6A to 6F ROP3 in Auxin-Dependent Patterning 13 of 18 cellular and physiological processes that underpin the developmental role of ROP3. Taken together with the developmental phenotypes observed in DN-rop3 and rop3 mutants, the expression pattern of ROP3 is consistent with this small GTPase being important in regulating auxin-mediated patterning during embryogenesis (Figures 2 and 3) , organ formation, and seedling growth (Figures 4 and 5) . The dynamic expression pattern of ROP3 pro :GUS, shifting from an apical to a basal high from early to developed embryos (Figure 1) , strongly resembles changes in auxin distribution, as reflected by DR5rev: GFP accumulation during embryogenesis . ROP3 peak activity in the embryo and root (Figure 1 ) corresponds to the sites of auxin maxima in the hypophysis, quiescent center/columella initials, and cotyledon primordia, consistent with an important role for ROP3 in embryo development. Moreover, postembryonically, ROP3 expression (Figure 1; Supplemental Figure 1 ) overlapped with those of PIN1 and PIN3 in the root (Blilou et al., 2005; Vieten et al., 2005) and appeared similar to PIN3 in root columella cells (Blilou et al., 2005; Vieten et al., 2005) . Furthermore, the failure of DN-rop3 to recruit PIN1 and PIN3 proteins to the PM in roots (Supplemental Figure 6 ) occurred along with diminished cell membrane localization, as suggested by the cytoplasmic and perinuclear localization of YFP: DN-rop3 (Supplemental Figures 1G and 1H ). This observation is consistent with cell membrane association of ROP3 (Supplemental Figures 1E and 1F) being important for the recruitment of PINs to the PM. Taken together with PINs being the predominant auxin transporter in the stele, the ROP3 expression pattern is consistent with its involvement in the regulation of PIN-mediated auxin transport in the root, thereby regulating seedling development. Furthermore, the observation that ROP3 expression in the root is enhanced in response to auxin induction ( Figures 1I and 1J ) is also consistent with ROP3 engaging in a regulatory loop responsive to auxin, augmenting its importance in auxin-mediated organogenesis and growth.
ROP3 Functions in the Regulation of PIN Polarity and Trafficking
Several recent observations indicated a link between ROP function and PIN endocytosis (Chen et al., 2012; Lin et al., 2012; Nagawa et al., 2012) . Our results (Figure 10) show that downregulating ROP signaling or loss of ROP3 function disrupts PIN1 and PIN3 recycling. Together, these results imply that different ROPs could perform distinct functions in the regulation of PIN trafficking, thereby leading to altered PIN polarity and perturbing directional auxin transport. Moreover, our results also show that ROP3 differentially affects auxin transporters, even within the PIN family (Figure 9 ; Supplemental Figure 8 ). On the other hand, despite overlapping with AUX1 in its expression domain, ROP3 has no impact on the polarity of AUX1 (Figures 9P to 9R ). These data suggest that ROP3 specifically affects the localization of PIN proteins in regions of the root where they coexpress during development.
ROPs are activated by auxin (Tao et al., 2002; Xu et al., 2010) and activated ROPs interact with effectors, such as RIC1 and ICR1, that have been linked to auxin signaling. Among these ROP effectors, evidence convincingly supports that ICR1 regulates the exocytic trafficking of PIN proteins to polar domains in the PM and is required for auxin transport, most strongly impacting embryo and root meristem patterning (Hazak et al., 2010) . On the other hand, phenotypes of downregulated RIC1 mutants were relatively mild, e.g., only moderately enhanced lateral root development and weak defects in leaf vasculature were reported for ric1 (Chen et al., 2012; Lin et al., 2012) . It is therefore likely that ICR1 could act as a downstream effector of ROP3, mediating auxin-regulated responses. Future studies will be needed to elucidate whether ROP3 connects with the ICR1-dependent downstream pathway resulting in PIN polarization.
Another possible mechanism for how ROP3 might regulate the polarity of PIN proteins via PID. PID and related AGC kinases had been reported to promote transcytosis-directed apical PIN delivery through phosphorylation of PIN proteins (Dhonukshe et al., 2010) . The activity of PID is stimulated by phospholipid signaling (Zegzouti et al., 2006) . In pollen tubes, ROPs have been demonstrated to be associated with phosphatidylinositol monophosphate kinase (PtdIns p-K) activity (Kost et al., 1999) . This might be mediated through their C-terminal polybasic domain, a feature common to RAS-related small GTPases and known to interact with both phosphatidylinositol 4,5-bis phosphate and phosphatidylinositol 3,4,5-triphosphate (Heo et al., 2006) . Based on these observations, even if ROP-mediated PIN polarity might not directly target PID, it could provide a potential integration point for multiple cellular processes to influence auxin-dependent development through ROP signaling.
PIN protein abundance in the PM can be controlled by endocytosis or exocytosis (Löfke et al., 2013) . Some PINs are targeted to the lytic vacuole in a retromer-dependent manner and degraded (Kleine-Vehn et al., 2008a) . Our BFA treatment and washout experiments suggest that ROP3 mutations specifically affect PIN1 and PIN3 recycling back to the PM ( Figure  10 ; Supplemental Figures 10 and 11) . The recycling defects of PIN1 and PIN3 in rop3 mutants could apparently trigger protein degradation. Treatment with the 26S proteasome inhibitor MG132 enhances PIN1 protein accumulation at the cytoplasm and in the vacuoles ( Figures 11C to 11F ) in DN-rop3 and rop3 mutants. However, we could not find vacuolar accumulation of PIN3 in DN-rop3 and rop3 mutants (Supplemental Figure 12 ). At present, the precise mechanism on how ROP3 recruits PIN proteins is not known; we expect future studies of ROP3 downstream interacting proteins to shed light on its roles in the control of cell polarity of the polar auxin transport system. How ROP3 activity is regulated so as to impact the auxin-related processes described here remains unknown. AUXIN BINDING PROTEIN1 (ABP1) has been suggested to act upstream of ROP6 and ROP2, which regulate PIN1 internalization and mediate the auxin signal to activate these small GTPases . ABP1 has also been shown to negatively regulate the auxin-controlled SCF TIR1/AFB pathway (Tromas et al., 2013) . It therefore remains to be seen whether ABP1 is part of the ROP3-mediated signaling pathway.
Studies involving receptor-like kinases have provided support for a model whereby RopGEFs serve as linkages between cell surface signal perception and ROP activation (Kaothien et al., 2005; Nibau et al., 2006; Zhang and McCormick, 2007; Zhang et al., 2008; Duan et al., 2010; Nibau and Cheung, 2011) . In these studies, two related pollen-specific receptor-like kinases from tomato (Solanum lycopersicum) and Arabidopsis have been shown to interact with RopGEFs, mediating similar ROP-induced phenotypes in pollen tubes. Additionally, the FERONIA receptor kinase (FER) was identified as a regulator of auxin-stimulated NADPH oxidase-dependent reactive oxygen species-mediated root hair tip growth (Duan et al., 2010) , an auxin-and ROPregulated process (Foreman et al., 2003) . FER interacts with RopGEFs, and RopGEF7 (Duan et al., 2010) regulates accumulation of PIN1 protein in embryonic and root cells and is required for the formation of auxin maxima (Chen et al., 2011) . RopGEF7 is expressed in quiescent center cells and interacts with ROP3 (Chen et al., 2011) and both RopGEF7 and ROP3 are transcriptionally induced by auxin. Our results (Figure 1) show that ROP3 is also expressed in the hypophysis and its daughter cells. Therefore, FER, RopGEF7, and/or other members of these protein families that are expressed in the same tissue domain as ROP3 could act as upstream regulators of the ROP3-regulated processes described here. Future studies will decipher the mechanisms that underlie how the ROP3 switch is regulated.
METHODS
Plant Materials and Growth Conditions
Arabidopsis thaliana plants used in this study were Columbia-0 ecotype. The DR5rev:GFP (Benková et al., 2003) , PIN1 pro :PIN1:GFP (Benková et al., 2003) , PIN2 pro :PIN2:GFP (Blilou et al., 2005) , PIN3 pro :PIN3:GFP (Blilou et al., 2005) , AUX1 pro :AUX1:YFP (Swarup et al., 2004) , 35S1 pro : PIP2:GFP (Cutler et al., 2000) , PLT1 pro :PLT1:YFP, PLT2 pro :PLT2:YFP (Grieneisen et al., 2007) , and MP pro :n3xGFP (Rademacher et al., 2012) constructs have been described previously.
Seeds were surface-sterilized and plated on half-strength Murashige and Skoog (MS) medium containing 1.5% sucrose and 0.8% agar. Seeds on one-half MS plates were stratified at 4°C for 2 to 3 d in darkness and transferred to a phytotron set with a 16-h-light/8-h-dark cycle at 22°C. After 7 to 10 d, seedlings were transferred to soil and grown under the same conditions.
Vector Construction and Plant Transformation
ROP3 pro :GUS was generated by insertion of a 1.034-kb PCR-amplified ROP3 promoter sequence into pBI101.1 at the SalI and BamHI sites. DN-rop3 mutation with an A121D conversion in ROP3 was created by site-specific mutagenesis of the ROP3 cDNA subcloned in a Bluescript pSK vector. The mutant version of ROP3 (DN-rop3) was then cloned into the pAC1352 binary vector carrying cauliflower mosaic virus 35S promoter and a modified pCambia1300 containing the embryo-specific RPS5A promoter, which have been previously described (Chen et al., 2011) .
The above constructs were introduced into Agrobacterium tumefaciens strain C58, which were used for transformation of Arabidopsis by the floral dip method (Clough and Bent, 1998) . The sequences of the primers used in the vector construction are listed in Supplemental Table 1 .
Identification of rop3 Mutants and Complementation of ROP3
Two Arabidopsis T-DNA insertion lines for rop3-1 (SALK_008896) and rop3-2 (SALK_032558C) were obtained from ABRC. A PCR-based approach was used to confirm the T-DNA insertion and to identify the homozygous lines. Transcript levels in mutants and wild-type plants were analyzed by qRT-PCR analysis. Primers used for the identification of the mutants are listed in Supplemental Table 1 .
The ROP3 promoter was subcloned into a modified PBI101 vector to generate ROP3 pro :ROP3 harboring cDNA of ROP3. The construct was transformed into wild-type plants and homozygous lines were crossed with rop3 mutants for complementation studies. Transcript levels of ROP3 in rop3 mutants were confirmed by qRT-PCR.
NAA Treatment
Wild-type seeds were surface sterilized and germinated on half-strength MS agar plates. Five-to seven-day-old seedlings were treated with 10 mM NAA for 0, 6, 12, and 24 h, respectively, and roots were harvested for RNA extraction. Expression levels of ROP3 were analyzed by qRT-PCR.
qRT-PCR Analysis
For analysis of ROP3 gene expression, total RNA was extracted from embryos and 7-to 10-day-old seedlings using the RNeasy plant mini kit (Qiagen). For the analysis of PIN1, PIN2, PIN3, and AUX1 transcripts in wild-type, DN-rop3, and rop3 mutant plants, root samples from 7-d-old seedlings were collected and subjected to total RNA extraction. Root longitudinal section preparation and RNA extraction were performed as described by Dinneny et al. (2008) with some modifications. Roots of 5-d-old seedlings were cut into three regions using a scalpel. The first cut was made ;350 mm from the root tip at the point of the end of the meristematic zone (Zone 1); the second cut was made ;200 to 300mm above the first cut, below the region where root hairs emerge (Zone 2-elongation zone); the third cut was made ;1 mm above the second cut (Zone 3-maturation zone). Forty roots were collected per replicate. Two replicates were performed per zone. RNA was extracted using the RNAprep Pure Micro Kit (Tiangen).
cDNA was prepared from 3 mg of total RNA with PrimeScript reverse transcriptase (TakaRa). PCR reaction was performed on an Illumina Eco (Illumina) system with a SYBR probe (TAKARA). Expression of ROP3, PIN1, PIN2, PIN3, and AUX1 in transgenic or mutant plants were normalized to the expression of ACTIN2 and then compared with the wild type. Data presented are the averages from at least three biological replicates with SD. A list of gene-specific primers used is provided in Supplemental Table 1 .
Immunoblot Analysis
Embryos and 7-d-old wild-type seedlings and seedlings containing RPS5A pro : DN-rop3 and 35S pro :DN-rop3 constructs, respectively, were collected for total protein extraction. Anti-ROP3 antibody (Abmart) was used for the detection of ROP3. For PIN1:GFP and PIN3:GFP fusion proteins, anti-GFP antibody (Abcam) was used for the detection of GFP-tagged fusion proteins. Coomassie Brilliant Blue-stained protein samples are shown as loading controls.
Phenotypic Analysis of Transgenic Plants, Mutants, and Gravity Response
Seedlings of wild-type, transgenic plants and mutants were grown on half-strength MS medium containing 1.5% sucrose and 0.8% agar for 4 d, then transferred to medium supplemented with different concentrations of NAA (0, 50, 75, and 100 nM and 1 mM) for another 5 d, and the primary root length was measured. For hypocotyl elongation analysis, seedlings were grown at 22 or 29°C in the vertical position for 7 d, and hypocotyl lengths were measured. The root gravity response was determined using 4-d-old seedlings. The angle of root curvature was measured at 2, 4, 8, 12, and 24 h after a 90°reorientation. The above measurements were performed with the aid of the image analysis software Image J (version 1.47; http:// rsb.info.nih.gov/ij). Thirty to fifty seedlings were used for measurement, and data presented are the averages of 30 to 50 seedlings with SD. The statistical significance was evaluated by Student's t test analysis. For multiple comparisons, an analysis of variance followed by Dunnett's LSD ROP3 in Auxin-Dependent Patterning 15 of 18 method was performed on the data. Single and double asterisks indicate significant differences from control at the level of P < 0.05 and P < 0.01, respectively.
Pollen Phenotype Analysis of rop3 Mutants
Freshly anther-dehisced flowers were used for pollen viability assays and in vivo pollen germination experiments. Pollen grains from the dehisced anthers of randomly picked flowers were dipped in the Alexander and 49,6-diamidino-2-phenylindole solution droplets on slides and observed by differential interference contrast and fluorescence microscopy, respectively. The limited pollination experiments were performed as described by Chen et al. (2007) . Stage 12 flowers were emasculated and pollinated by 10 to 30 pollen grains from wild-type and rop3 mutant plants 12 h after emasculation. Pistils were collected 2 h after pollination. Aniline blue staining of pollen tubes was performed as described by Chen et al. (2007) .
Marker Gene Analysis
DR5rev:GFP, PIN1 pro :PIN1:GFP, PIN2 pro :PIN2:GFP, PIN3 pro :PIN3:GFP, AUX1 pro :AUX1:YFP, PLT1 pro :PLT1:YFP, PLT2 pro :PLT2:YFP, and Mp pro : n3xGFP were individually crossed into rop3-1 and the strongest transgenic line of DN-rop3. Homozygous plants were isolated from F2 populations. These homozygotes in F3 and later generations were used for analyses.
BFA Treatment and Washout Analysis
Three-day-old seedlings were incubated in half-strength MS medium containing 100 mM BFA (Sigma-Aldrich) for 40 min and observed or washed with half-strength MS medium for 90 min. For quantitative analysis of BFA bodies, stele cells from 15 to 30 roots were used for each assay.
MG132 Treatment and Lysotracker Red Labeling
Five-day-old seedlings were incubated with 50 mM MG132 (SigmaAldrich) for 4 h in darkness, and DMSO incubation was used as the control. Lysotracker red (2 mM; Invitrogen) was applied on seedlings for 1 h before confocal imaging analysis.
Microscopy
Ovules and seedling roots were cleared in a Hoyer's solution and an HCG (water, chloral hydrate, and glycerol-containing) solution as previously described (Chen et al., 2011) . For Lugol staining of roots, root tips were incubated in a 1:1 dilution of Lugol's solution (Sigma-Aldrich) for 1 min, then washed with water and mounted in the HCG solution for microscopy analysis. Histochemical staining for GUS activity was performed as previously described (Chen et al., 2011) . Embryos, different tissues, and seedlings were incubated in GUS (0.5 mg/mL) staining buffer from 6 to 36 h at 37°C. Differential interference contrast imaging was performed on an Olympus BX51 microscope equipped with a Ritiga 2000R camera. Seedlings were photographed under a Nikon SMZ1000 microscope using a Nikon digital sight Ds-Fi1 camera. Dissected embryos and seedlings were stained with 1 mg/mL FM4-64 and 100 mg/mL propidium iodide for confocal microscopy. GFP, YFP, FM4-64, and propidium iodide fluorescence were imaged under SP2 Leica confocal laser scanning microscope. The fluorescent markers were visualized with the following excitation (Ex) and emission (Em) wavelengths (Ex/Em): 488 nm/505 to 530 nm for GFP, 514 nm/530 to 560 nm for YFP, 543 nm/600 nm for FM4-64, and 561 nm/591 to 635 nm for propidium iodide.
Twenty to thirty samples for each line were first analyzed under the Olympus BX51 microscope and then 10 to 15 samples were used for confocal imaging. Each experiment was repeated three to four times with similar results.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: ACTIN2 (At3g18780), PIN1 (At1g73590), PIN2 (At5g57090), PIN3 (At1g70940), AUX1 (At2g38120), PIP2 (At3g53420), MP (At1g19850), PLT1 (At3g20840), PLT2 (At1g51190), RopGEF7(At5g02010), and ROP3 (At2g17800).
Supplemental Data
The following materials are available in the online version of the article. Supplemental Table 1 . Primers Used in This Study.
Supplemental Table 2 . Quantitative Analysis of DN-rop3 and rop3 Embryonic Phenotypes.
Supplemental Table 3 . Quantitative Analysis of DN-rop3 and rop3 Seedling Phenotypes.
Supplemental Table 4 . Quantitative Analysis of Embryo Phenotypes in the ROP3 pro :ROP3 Transgene Rescued rop3 Background.
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